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FOREWORD

On September 1, 1965, the Texas Water Commission
(before February 1962, the State Board of Water Engineers)
experienced a far-reaching realignment of functions and
personnel, directed toward the increased emphasis for
planning and developing Texas' water resources and for ad-
ministering water rights.

Realigned and concentrated in the Texas Water Development
Board were the investigative, planning, development, research,
financing, and supporting functions, including the reports
review and publication functions. The name Texas Water
Commission was changed to Texas Water Rights Commission, and
the responsibility for functions relating to water-rights
administration was vested therein,

The then Texas Water Commission in 1964 and 1965 supported
cooperatively with the Bureau of Engineering Research and the
Center for Research in Water Resources at The University of
Texas the studies reported herein. This report is based on
the doctoral dissertation of William H. Espey, Jr., BSCE,

MSCE, presented in August 1965 to the University of Texas
Graduate School in partial fulfillment of the Doctor of
Ph:losophy degree requirements.

Dr. Espey has planned a related study to develop procedures
and nomographs for use with selected storm and runoff criteria
which can provide flood hydrographs to be utilized in the design
of flood-control and floodwater-conveyance facilities (sensi-
tive to various degrees of urban development within watersheds
having drainage areas of 10 square miles and less). These
relationships would be derived from basic data and analytical
material for 11 rural and 22 urban watersheds assembled and
developed for this report.

The Texas Water Development Board thanks the authors for
providing valuable data and analyses important to water re-
source planning. :

TEXAS WATER ELOPMENT BOARD
YV Cluw
John J. Vandertulip

Chief Engineer
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PREFACE

During the past several decades the American society has changed from that of a
predominantly rural society to that of the complex urban society of today. Centraliza-
tion of large populations into relatively small areas has given rise to many complex
problems of an economic, social, political or physical nature. Because of urban de-
velopment, increased demands are made on man's surrounding environment, and conse-
quently the problems of urbanization cover a broad spectrum. The research reported
herein is concerned with only one of the many urban problems, and that is, with the
effects of rubanization on the runoff characteristics of a small watershed.

The University of Texas has had a long interest in the effects of urbanization on
the hydrologic characteristics of small watersheds. In 1963, the Bureau of Engineering
Research at The University of Texas provided funds to evaluate the effects of urbaniza-
tion on the Wallér Creek watershed in Austin, Texas. This study was under the director-
ship of Dr. Carl W. Morgan, Associate Professor of Civil Engineering, The University of
Texas. In 1964, the Texas Water Commission also desiring further knowledge of the
effects of urbanization on the runoff characteristics of small watersheds entered into an
Inter~Agency Contract with the Center for Research in Water Resources at The University
of Texas to continue the study on Waller Creek. This project has been under the direction
of Dr. Frank D. Masch, Associate Professor of Civil Engineering, The University of Texas.

The authors wish to express their appreciation to Drs. J. J. McKetta and W. A,
Cunningham of the Bureau of Engineering Research at The University of Texas and to
Messrs. John J. Vandertulip and Louis L. McDaniels of the Texas Water Commission for
their support of this study. Special acknowledgements are due to Professors W. L. Moore,
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E. F. Gloyna, K. H. Jehn and Amos Eddy for their comments and critical review of the
manuscript, and to Mrs. Darlene Myers of the Bureau of Engineering Research for her
invaluable assistance in the development of the computer programs. The authors wish to
thank Mr. Trigg Twichell, District Engineer, and Mr. W. B. Mills, Chief of the Hydro-
logic Study Section of the U. S. Geological Survey, Surface Water Division, Austin
District, for making available data from their small watershed projects and Mr. R. H.
Hayes, Chief, Engineering Division, U. S. Corps of Engineers, Louisville, Kentucky
for the liberal loan of various reports on their studies of urban drainage. The authors
also wish to thank Mr. Donald Van Sickle, Head, Hydraulics Section, Turner and
Collie Consulting Engineers, Inc., Houston, Texas for the use of their unit hydrograph
data for the Houston area. Acknowledgement is also given for the help of the following
students: Mr. W. A. White, Mr. C. T. Koch, Mr. E. L. Heinsohn and Mr. R. P. Stagg.
Special thanks are also due to Mrs. E. S. Spencer who typed the report o‘nd to Mr. T. A.
Armstrong who did most of the drafting.

This report also has been given distribution as a Technical Report through the Center
for Research in Water Resources and the Hydraulic Engineering Laboratory at The Univer-

sity of Texas.
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ABSTRACT

The evaluation of the effects of urbanization on the runoff characteristics of
a small watershed is a problem that can be studied by either a short-range or a long-
range investigation. Because the long~range type of investigation would require
several years for hydrologic data accumulation, it cannot provide any immediate in-
formation on the changes in watershed behavior arising as a result of urbanization. A
short-range investigation, however, based on synthetic evaluation of present data would
provide immediate answers. It is in the realm of this short-range objective that this
study of a small urban watershed is directed.

This study was made to evaluate the various effects of urbanization on the hydro-
logic characteristics of a small urban watershed located within Austin, Texas. A linear
regression analysis of data from twenty=four urban and eleven rural watersheds was used
to derive equations which would evaluate the past rural conditions and predict future
urban conditions for the Waller Creek watershed. The Waller Creek watershed contains
two streamflow stations. One is located at 38th Street and the other at 23rd Street,
gaging areas of 2.31 square miles and 4.13 square miles respectively. The watershed
above 38th Street is relatively undeveloped when compared to the lower portion of the
watershed located between the two stations. The lower portion has extensive residential
development and some channel improvement. Results indicate that urban development
in the Waller Creek watershed has caused extensive changes in the discharge hydro-
graph and runoff yield for the watershed. Prediction of the effects of future develop~-
ment indicate the same trend. The time sequence of the discharge hydrograph will be
shortened, the peak discharge will be increased and the unit yield (in/miz) will be

increased.
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Chapter |

INTRODUCTION

During the past several years there has been an increased need for engineering
data on the hydrology of small urban watersheds. The importance of this need is em-
phasized by the constantly increasing cost of, and demand for, adequate urban drain-
age facilities. Millions of dollars are being spent annually by federal, state, and
local agencies, yet the engineering designs for these expenditures are often of
necessity based on meager hydrologic data. The annual losses can range from such
temporary inconveniences as travel delays, power failures, and minor flooding, to
extensive damage of highly valuable property from inundation. Storm drainage facil-
ities are often expensive because of the large capacity required. For example, Los
Angeles County has spent 179 million dollars on storm drains to relieve local flood-
ing, and now finds that it needs additional storm drains costing about a billion dollars
to provide adequate relief from local floods and to protect as yet undeveloped areas
(Engineering News-Record, 1958). In Tacoma, Washington the lack of adequate
storm drainage systems has resulted in limited development of the western part of the
city (Brown and Caldwell, 1957). The floods of April-June, 1952, in Salt Lake City,
Utah again exemplify the problem of drainage design in urban areas. In this case, the
major trans-city tributaries of the Jordan River had been piped underground. The
smallest streams were eliminated entirely, and the flows of the next larger streams were
placed in small culverts. The culverts were inadequate to pass the storm runoff and ex-
tensive flooding occurred resulting in serious property losses. Development high on the
hills surrounding Caracas, Venezuela is still another example where urbanization has

1



greatly increased the runoff from rains resulting in a high flood potential. To meet
this problem it was necessary to build a new type of channel cross-section to pass the
Rio Guaire through the city (Civil Engineering, September 1962).

In order to focus attention on the problems of urban hydrology, the American
Society of Civil Engineers has established a Task Force (1964) on the "Effects of Ur-

ban Development on Flood Discharge.” This Task Force has as a part of its purpose

to seek out information pertaining to changes in runoff characteristics of

watersheds due to urban development and to the effects of such changes on

the concentration of flood waters in stream channels, ... .
As noted in the Progress Report of this Task Force, the urban population of the United
States may represent three-fourths of the total population by 1980, and possibly as
much as four-fifths of the population by the year 2000. The 1960 urban population
of 12.5 million occupied an area of 21.4 million acres. Urban populations esti-
mated at 193 million for 1980 and 219 million for 2000 will occupy urban land areas
of 32 miliion and 45 million respectively. Therefore the problem of urbanization
appears tc be a localized problem when viewed from the standpoint of the national
land area (year 2000, urban land area only 2.4%); but as stated by the Task Force,

It is in this limited area that some 80 percent of our population will live and

where the bulk of our economic wealth will be situated. Recognizing that it

is in the realm of protecting life and property that the flood control program

operates, it is obvious that it is in this same limited land area that most flood

control development will occur. Hence the need for greater insight and under-

standing of the effects of urban development on the flood flows against which
protection must be provided.

The Committee on Surface Drainage of Highways of the Highway Research Board
(1962) also considers the hydrology of small rural and urban watersheds one of the

major problems in highway drainage. Because the lack of basic data on small water-
sheds is nationwide and because the aggregate cost of small drainage structures is about

equal to the aggregate cost of all bridges, the committee classified the hydrology



small watersheds as one of their drainage problems most in need of research.
The U. S. Geological Survey, recognizing the need for more basic data on the
hydrology of urban watersheds, has established several cooperative programs through-

out the country. Summarized in Table 1 are some of these current programs.

City of Philadelphia, Pennsylvania

City of Houston, Texas

City of Dallas, Texas (Gilbert, 1963)*

City of Alexandria, County of Fairfax, Virginia

City of Nashville, County of Davidson, Tennessee

City of Champaign- Urbana, Itlinois(Chow,1952; Schmidt, 1950

City of Baton Rouge, Louisiana (Cox, 1940)

County of Nassau, Nassau County Department
Public Works, New York (Sawyer, 1961)

County of Maricopa, Flood Control District, Arizona

County of Macomb, Southeastern Oakland Sewage
Disposal District, Michigan (Wiitala, 1961)

Menlo Park District, California

TABLE 1. Some Current Urban Hydrology Programs - U.S5.G.S.

The U. S. Bureau of Public Roads anticipates initiation of research on urban runoff
relative to storm drain design in the Fiscal Year 1965. The Indiana Flood Control
and Water Resources Commission - Purdue University research study on "Urban Hydro-
logy for Selected Sites in Indiana" was scheduled to begin in September 1964.

Since 1949 a storm drainage research project at Johns Hopkins University has
been in progress sponsored jointly by Baltimore City, Baltimore County, the State of

Maryland and the U. S. Bureau of Public Roads. This study is primarily concerned with

* References are listed when available.



the design aspects of urban hydrology.

Other urban hydrology projects are in progress at the Taft Sanitary Engineering
Center, Cincinnati, Ohio and at the University of New South Wales, Sydney, Austra-
lia.

The Engineering Foundation in cooperation with the American Society of Civil
Engineers' Research Council on Urban Hydrology is sponsoring a conference on " Urban
Hydrology Research" to be held at Proctor Academy, Andover, New Hampshire, during
the week of August 9-13, 1965. The Conference will discuss the need for research on
the variety of problems inherent in providing storm drainage facilities in areas of fast

growing urban concentrations.

A. LITERATURE REVIEW

The extent to which urbanization alters the hydrologic performance of a water~
shed is difficult to evaluate because runoff data are usually not available before the
encroachment of urbanization. Because of this lack of data on watersheds prior to ur-
banization, two general types of studies have resulted. The first involves the use of
synthetic methods to predict the hydrologic conditions of the watershed prior to urban
development. The second involves a direct comparison between an existing urban and
a rural watershed which are assumed to be hydrologically similar except for the effects
of urbanization.

Both the synthetic method and the direct comparison of different watersheds re -
quire that certain hydrologic properties be selected as a basis for evaluating urban
effects. Most of the previous investigations have been concerned with the effects of

urbanization on hydrograph characteristics such as the lag time or the peak discharge.



The peak discharge has been defined in terms of the unit hydrograph or the mean annual
flood. Previous research on the effects of urbanization on these hydrologic properties

are discussed separately in order to simplify their presentation.

1. Lag Time. Most investigators have used lag time as a measure of the effects of ur-
banization on the time characteristics of runoff. Carter (1961) presented the first com-
prehensive study of the effects of urbanization on lag time in which he defined the lag
time, T3*, as the time from the center of mass of rainfall excess to the center of mass of
runoff. By determining the lag time for 22 streams in the Washington, D. C. area,
Carter found lag time to be a function of the ratio, L/~s, where L is the total length
of the main channel to the rim of the basin, in miles, and s is the weighted slope of
the main stream channel expressed in feet per mile. Curves presented by Carter are
shown in Figure 1. The upper curve represents the relation for natural undeveloped
areas in the Piedmont Province near Washington; the middle curve represents the rela-
tion for basins that are partially sewered but with principal stream channels maintained
in their natural condition; and the lower curve represents the relation for basins that are
completely sewered with all natural channels eliminated. Based on the natural basin
curve, when a watershed becomes partially sewered the lag time is reduced approxi-
mately 60 percent and when it becomes completely sewered the lag time is reduced
approximately 80 percent.

Wiitala (1961) further studied the relationships derived by Carter for two small
watersheds near Detroit, Michigan. One watershed was rural, Plum Brook (22.9

square miles); and the other was urban, Red Run (36.5 square miles), completely

* Lag times are subscripted because of the numerous definitions used throughout the
literature. The various definitions of lag time are summarized in detail in

Table 6, page 39.
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sewered and contained approximately 25 percent impervious cover. Wiitala found that

the lag time for Red Run was reduced approximately 70 percent because of urbanization.
Linsley, Kohler and Paulhus (1958) presented a correlation of the lag time, T] ,

in terms of a geometrical parameter of the watershed having the form LLca /s, where

L and s are the same as previously defined, the lag time is T. , the time from begin-

17
ning of rainfall to the centroid of runoff, and ch is defined as the distance, in feet,
measured along the main drainage channel from the point of interest to a point opposite
the computed centroid of the drainage area. Curves having the same slope are given
for natural drainage areas in mountainous terrain, in foothills, and in valleys of Calif-
ornia. Eagleson (1962) extended these curves to include five small urban watersheds

in Louisville, Kentucky. From Figure 2, it is seen that urbanization causes reductions
in lag time of 86 percent, 78 percent and 49 percent when compared to the lag times of
mountainous, foothill, and valley watersheds respectively. Eagleson's urban relation-
ship is based on data from watersheds having impervious cover greater than 30 percent
and having fully developed sewer systems with no natural channels.

Van Sickle (1962) in a study in Houston, Texas further subdivided Eagleson's urban
classification into the following four general classes (Figure 3): (1) Cultivated, some
urban, no storm sewers; (2) More urban, some storm sewers, no channel improvement;
(3) Extensive urban, storm sewers, no channel improvement; and (4) Extensive urban
storm sewers, considerable channel improvement. These class descriptions are taken
directly from Van Sickle's report. Urbanization of a rural watershed classified as unde-
veloped pasture is seen to decrease the lag time 67 percent for Class 1; 75 percent for
Class 2; 83 percent for Class 3; and 92 percent for Class 4. Van Sickle concluded that

because of urbanization, watersheds in the Houston, Texas area could experience as

much as a 90 percent reduction in lag time.
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2. Peak Discharge. Carter (1961) developed an empirical equation relating the mean

annual flood to the lag time, drainage area and percentage of impervious cover to
determine the effect of urbanization on the mean annual flood in the vicinity of

Washington, D. C. This equation is

where Qis the mean annual flood in cubic feet per second and is equivalent to the
flood having a recurrence interval of 2.33 years, A is the drainage area in square miles,
T

318 the same as previously defined and is expressed in hours, and K is an adjustment

factor based upon the degree of imperviousness of the area. The factor K is expressed as,

0.30 +0.0045 I
K = 0.30 e (2)

where I is the percent of impervious cover.

Wiitala (1961) also used Carter's equations to evaluate the effects of urbanization
on the mean annual flood for the Red Run watershed in Michigan. Results indicated
"that for areas near Detroit comparable in size and degree of development to Red Run,

the natural mean annual flood is more than doubled by urbanization." Wiitala also
compared the mean annual flood derived from recent flood-frequency studies covering
southeastern Michigan to evaluate the effect of urbanization. The measured mean annual
flood for Red Run was found to be three times as large as that indicated from a flood fre-
quency study for a natural drainage basin of comparable size.

Van Sickle (1962) used the unit hydrograph as a means to detect the effects of ur-

banization on peak discharge in Houston, Texas. Of the watersheds studied, eight had

continuous water-stage records. Brays Bayou, the watershed with the most urban
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development, had a period of record of twenty-seven years. During this period, the
watershed had changed from undeveloped farm land to an extensively urbanized area.
The unit hydrographs of Figure 4 readily show the changes in runoff characteristics for
Brays Bayou during this period. Van Sickle concluded "that urban development of a
watershed in Harris County can be expected to produce peak discharge rates of from
two to five times those which would occur on the same watershed for undeveloped

rural conditions."

3. Runoff Yield. Other investigators have studied the effects of urbanization on the

runoff yield from a watershed. Sawyer (1961) reported "that the increased urbaniza-

tion has altered the characteristics and regimen of many of the streams on Long Island, .. ..

No quantitative information regarding the increase in runoff yield as a result of urban-
ization was presented in Sawyer's study. Recently a study by Harris and Rantz (1964)

of a small watershed in Santa Clara County, California also indicated that "a substantial
increase in the volume of storm runoff coincided with the period of major urban develop-
ment." Again no general conclusion could be made regarding the effects of urbaniza-

tion on the runoff yield from a watershed.

B. PURPOSE AND SCOPE

The evaluation of the effects of urbanization on the runoff characteristics of a
small watershed is a problem that can be studied by either a short-range or a long-
range investigation. The long-range investigation would involve a program of expanded
data collection carefully planned to provide measurements of rainfall and runoff from

watersheds both before and after urbanization. Because this type of investigation would
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require several years for hydrologic dato <‘:ccumu|cfiom, it cannot provide any immediate
information on the changes in watershed behavior arising as a result of urbanization. A
short-range investigation, however, based on synthetic evaluation of present data would
provide answers now. It is in the realm of this short-range objective that this study of a
small urban watershed is directed.

In this investigation both the effects of the existing and future urbanization on the
discharge hydrograph and runoff yield from the Waller Creek watershed located in Austin,
Texas will be studied. Because no hydrologic data is available for Waller Creek before
urbanization, empirical relations are derived from data on eleven rural watersheds to
describe the Waller Creek discharge hydrograph before urban development. This empiri-
cally derived hydrograph is then compared with the hydrograph as it exists today to eval-
uate the effect of existing urbanization on the hydrologic characteristics of the Waller
Creek watershed. [n a similar manner, empirical equations are derived based on data
from 22 urban watersheds to describe the Waller Creek discharge hydrograph during ur-
ban development. The empirically derived hydrograph is then compared both with the
hydrograph as it exists today and the empirically derived rural hydrograph to evaluate
the effects of future urban development on the discharge hydrograph of Waller Creek.
Based on selected storm data, a rainfall-runoff relationship is also derived with imper-
vious cover as one of the independent variables. This equation is then used to evaluate
the effects of increasing impervious cover on the runoff yield from the Waller Creek

watershed.



Chapter !!

DEVELOPMENT OF EMPIRICAL EQUATIONS

Presented in this chapter is the development of the empirical equations which
will be used to determine rural and future urban unit hydrographs and to evaluate the
effects of both existing and future urbanization on the runoff characteristics of the
Waller Creek watershed. These equations are determined from storm and runoff data
from several rural and urban watersheds. Both the method employed to analyze the
storm and hydrograph data and the statistical procedure used to derive the empirical
equations are presented. The statistical significance of the derived equations and a

comparison with the results from other studies is also presented.

A. ANALYSIS OF HYDROGRAPH DATA

In order to develop empirical relationships describing the hydrologic character-
istics of a number of watersheds, it was necessary to reduce all the hydrograph data to
a common basis for direct comparison. This was done by reducing all the runoff data for
each watershed to a common duration unit hydrograph. A 30 minute duration of rainfall
excess was selected as the basis of comparison because most of the storms on the water-

sheds studied were approximately 30 minutes in duration.

1. Unit Hydrograph. The basic theory of the unit hydrograph appears to have been

suggested first by Folse (1929). The Boston Society of Civil Engineers (1930) stated,
"the base of the flood hydrograph appears to be approximately constant for different
floods, and peak flows tend to vary directly with the total volume of runoff.” Thiee

years later, Sherman (1932) formulated the popular unit hydrograph theory. The unit

14
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hydrograph defined by Sherman was the hydrograph representing one-inch of runoff
from a 24-hour rainfall. Hoyt (1936) defined the unit hydrograph as "a hydrograph of

' Brater

surface runoff resulting from rainfall within a unit of time, as a day or an hour.’
(1940) successfully applied the unit hydrograph theory to small watersheds varying in
size from 4.24 acres to 1,876.7 acres. Brater also introduced the concept of the unit

' A unit storm was defined as "an isolated

hydrograph resulting from a "unit storm.'
rainfall falling at an intensity greater than the infiltration capacity and having a dura-
tion equal to or less than the period of rise." Wisler and Brater (1959) stated that a
unit storm is defined as a rain whose duration is such that the period of surface runoff
is not appreciably less for any rain of shorter duration.

The important difference between Hoyt's and Brater's approach to the unit hydro-
graph is the effect of the duration of rainfall excess. Brater states that if the unit
storm duration is less than the period of rise then the same shaped hydrograph will be
generated from different storms. Linsley, Kohler and Paulhus (1958) define the unit
hydrograph as the hydrograph of one=-inch of direct runoff from a storm of specified
duration. Hydrographs for different durations can be obtained by means of the S-curve
technique which assumes linearity of the system.

The criteria selected in this study for the unit hydrograph analysis is a combina-
tion of both approaches and can be summarized as follows:

1. The rainfall duration, D_, must be either equal to or less than the

TI
period of rise, TR.
2. The rainfall intensity must be approximately constant and uniform

throughout the watershed.

3. The beginning and end of rainfall must be approximately the same
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at every point in the watershed.

4. The storm period must have occupied a place of comparative isola-
tion in the record.

5. The hydrograph for any duration of rainfall excess can be obtained

by the S-curve procedure from a hydrograph of known rainfall excess duration.

Of approximately 435 storms on Waller Creek that occurred during the period of
record, only 18 approximately satisfied the unit hydrograph requirements; a satisfac-
tory time record for both rainfall and runoff was available for only 13 of these. Some
of the 13 storms studied did not completely meet all the storm requirements. The fol-
lowing variations in the unit hydrograph criteria were allowed by noting that these
variations at different rain gaging stations resulted in no significont change in the dis-
charge hydrographs:

1. Up to a 15 minute variation in the initiation of rainfall,

2. Up to a 30 percent variation in the total amount of rainfall.

In general the rainfall studied was the result of convective storms. As a result for the
small Waller Creek watershed, 4.13 square miles, the time intensity pattern was prac-
tically uniform. For many of the other watersheds studied the conversion of a hydrograph
of a given duration to one of a different duration by the S-curve technique resulted in
a relatively small change in the peak discharge.

a. Method of Analysis. The S-curve characteristics of each individual storm

were analyzed and reduced to a common S-curve representing one-inch per hour of
rainfall excess (Chow, 1964). In most cases sufficient data were available for the ana-
lysis of at least three separate storms. The derivation of an S-curve requires that the

duration of rainfall excess be known. In most cases a good estimate can be made from
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rainfall data. Based on a suggestion by Linsley, Kohler and Paulhus (1958), the correct

duration of rainfall excess would result in the minimum amount of S-curve fluctuation.
Subsequent analysis indicated that a second criterion was necessary to determine the
correct duration of rainfall excess. This second criterion was satisfaction of the theore-

tical equilibrium discharge, q, - defined by the equation

where A is the drainage area in square miles, D is the duration of rainfall excess in
hours (Linsley, Kohler and Paulhus, 1958). A computer program was developed which
allowed the duration of rainfall excess to be varied. When the final S-curve for each
storm was determined, the reduction of each S~curve to a common base of one~inch
per hour allowed for a direct comparison. An average S-curve was then graphically
drawn by eye f'o best fit the data. In most cases .fhe resulting S~curves were in close
agreement with one another. A smooth S-curve was found to always result when the
input discharge hydrograph time increment was equal to the assumed duration of rainfall
excess.

Meier (1964) made a similar study of S-curve characteristics of small rural water-~
sheds in Texas. Meier's study consisted of a more sophisticated statistical method of
determining the best S-curve. A polynomial of the tenth order was used to define the
S-curve.

b. Discussion of the Unit Hydrograph. The unit hydrograph was selected as the

means of measuring the effects of urbanization on the flood potential of a small water-
shed. Since the introduction of the basic unit hydrograph theory by Sherman (1932),

considerable hydrologic analysis has been made assuming that the hydrograph results
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from a linear system. A linear system may be defined as one which relates the dependent
variables to a weighted sum of independent variables (Shen, 1963). Stated mathemati-
cally, a drainage basin system is linear if the differential equation of the input and
output relationship is linear (Chow, 1964). For a linear system the principle of super-
position can be used. Recent work by other investigators has called attention to the
non-linear nature of hydrologic systems. The non-linear system approach attempts to
take into account the interaction of the other variables with one another. The work
of Amorocho (1961), Harder (1962), Liggett (1959) and Ishihare (1956) are examples
of the non-linear hydrologic approach.

The application of the unit hydrograph method to small watersheds varying in
size from approximately 4 acres to 10 square miles has been shown by Brater (1940).
Tippetts-Abbett-McCarthy and Stratton, Consulting Engineers, successfully applied
the unit hydrograph to runoff calculations for the city of Philadelphia in 1947
(Eagleson, 1962). The study conducted by Watkins (1963) in England found "for 3
urban areas that the unit hydrograph agreed with the recorded hydrographs but could
only be obtained accurately from the observed hydrographs." Watkins concluded that
"although the unit hydrograph method is satisfactory for calculating runoff for existing
systems, it is not suitable for use as a basis for a sewer design method." The recent
work by Willeke (1962 and 1964) for small urban watersheds found no significant indi-
cation of non-linearity and concluded that the system could be treated as a single
linear storage system whose characteristics can be represented by the corstants in the
Muskingum routing equations. The assumption is thus made in this study thot the unit
hydrograph can be used to describe the hydrologic system of both an urban and rural
watershed. The unit hydrograph was used to develop and S-curve for an intensity of

one-inch per hour of rainfall excess which was in turn used to develop o 30 minute
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unit hydrograph for each watershed.

2. Watersheds Studied. Physiographic and storm or unit hydrograph data were availa-

ble for 24 urban and 11 rural watersheds. The following information is listed in Tables
2 and 3 for each watershed:

1. An identifying number or letter,

2. Name of watershed,

3. Availability of storm data,

4. Auvailability of unit hydrograph data, and

5. Sources of dota.

To distinguish between urban and rural watersheds studied, the following coding system
was adopted:
}. Urban watersheds are indicated by number,

2. Rural watersheds are indicated by letters.

Complete hydrologic data for the 24 urban and 11 rural watersheds will be published
by the Texas Water Commission in their Bulletin Series in the near future. Additional
data concerning the lag time characteristics of 43 urban watersheds were also available

and are given in Appendix C.

B. MULTIPLE LINEAR REGRESSION ANALYSIS

Frequently problems have arisen where an observed variable is known or is sus-
pected to be dependent upon one or more other variables, although the exact form of the
true relationship is unknown. Such relationships are often determined by the method of

regression analysis. This method involves hypothesizing the relation between the



Storm  Unit Hydro-
No. Watershed Data  graph Data Sources of Data
1 Anacostia, N.W., lllinois X U. S. Corps of Engrs. (1954)
2 Anacostia, N.E., lllinois X U. S. Corps of Engrs. (1954)
3 Boneyard, lllinois X Chow (1952)
4 Brays Bayou, Texas X X Van Sickle (1964)
5 Greens Bayou, Texas X X Van Sickle (1964)
6 Halls Bayou, Texas X X Van Sickle (1964)
7 Sims Bayou, Texas X X Van Sickle (1964)
8 White Oak Bayou, Texas X X Van Sickle (1964)
9 Red Run, Michigan X Wiitala (1963)
10 Waller Creek at 38th
Street, Texas X U. S. Geological Survey*
11 Waller Creek at 23rd
Street, Texas X U. S. Geological Survey*
12 Salt Fork, West
Branch, lllinois X Mitchell (1948)
13 Louisville, 17th U. S. Corps of Engrs. (1949),
Street, Kentucky X Snyder (1958), Eagleson (1962)
14 Louisville, N. W. U. S. Corps of Engrs. (1949),
Trunk, Kentucky X Snyder (1958), Eagleson (1962)
15 Lovisville, Western U. S. Corps of Engrs. (1949),
Outfall, Kentucky X Snyder (1958), Eagleson (1962)
16 Lovisville, Southern U. S. Corps of Engrs. (1949),
Outfall, Kentucky X Snyder (1958), Eagleson (1962)
17 Louisville, S. W. U. S. Corps of Engrs. (1949),
Outfall, Kentucky X Snyder (1958), Eagleson (1962)
18 “Freeman, A, Indiana X X U. S. Corps of Engrs. (1947)
19 Freeman, B + A, Indiana X X U. S. Corps of Engrs. (1947)
) Freeman, B + 1, Indiana X X U. S. Corps of Engrs. (1947)
21 Lockbourne, 2, Ohio ~ X X U. S. Corps of Engrs. (1947)
22 Lockbourne, 31, Ohio** X X U. S. Corps of Engrs. (1947)
<} St. Anne, 1, Indiana X X U. S. Corps of Engrs. (1947)
T 24 Godman, 1, Kentucky X X U. S. Corps of Engrs. (1947)

TABLE 2. Data on Urban Watersheds.

* Data furnished by Austin District.

** Only used for lag time and general relationships.




Storm  Unit Hydro-

No. Watershed Data  graph Data Sources of Data
A Calaveras, Tex. X U. S. Geological Survey*
B Deep Creek No. 3, Tex. X U. 5. Geological Survey*
C Deep Creek No. 8, Tex. X U. S. Geological Survey*
D Escondido No. 1, Tex. X U. S. Geological Survey*
E Honey Creek No. 11, Tex. X U. S. Geological Survey*
F Honey Creek No. 12, Tex. X U. S. Geological Survey*
G Cow Bayou, No.4, Tex. X U. S. Geological Survey*
H Albuquerque, N.M, X Agricultural Res. Ser.(1960)
| Bentonville, Okla. X Agricultural Res. Ser.(1960)
J Guthrie, Okla. X Agricultural Res. Ser.(1960)
K Stillwater, Okla. X Agricultural Res. Ser.(1960)
L Freeman Field, D, Ind.** X X U. S. Corps of Engrs.(1947)
M St. Anne, 2, Ind.** X X U. S. Corps of Engrs.(1947)

TABLE 3. Data on Rural Watersheds.

* Data furnished by Austin District.
** Only used for lag time and general relationships.
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dependent and independent variables, to determine the coefficients that provide the
best fit of the data, and then to test the validity or accuracy of the results. Based on
the results of other investigations (Sribnyi, 1952; Chow, 1962; Ryono and Goltz, 1963),

an equation of the form
o=Px*vPaR? (4)

was used in this study to describe hydrologic properties as functions of various physio-
graphic parameters. In equation 4, © is the dependent variable, X, Y, G and R are
independent variables, and P, a, b, c and d are regression coefficients.

Equation 4 can be reduced to the following convenient logarithmic form,
LogG=|ogP+o|ogX+blogY+clogG+dlogRb ...... (9

and the method of least squares can be used to evaluate the regression coefficients. The
values of these coefficients in the equation are so computed that the sum of the squares
of the deviations of the observed values from values computed from the resulting equa-
tion is @ minimum.

A variable may be said to be independent of another if knowledge of a particular
value of one is of no help In estimating the corresponding value of the other. Insuch a
case, the correlation coefficient of the two variables would approximate zero. If two
independent variables are not really independent of each other, then the inclusion of
any two such variables in a multiple regression equation results in the numerical values
of the variables in the prediction equation being affected, each by the inclusion of the
other variable (Tennessee Valley Authority, 1962).

In addition, it is recognized (Ezekiel, Mordecai, 1941) that the exponents on the

independent variables:
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ascribe to any particular independent variable not only the variation in the

dependent variable which is directly due to that independent variable but

also the variation which is due to such other independent variables correlated

with it as have not been separately considered in the study.

Correlation coefficients between each pair of selected "independent variables"
are given in Appendix A.

In order to describe the statistical significance of the derived equations the
following statistical parameters will be given for each equation.

1. Regression Correlation Coefficient -- Comparative measure of

association, defined as

.= I xw

where x denotes the measured value and w denotes the predicted value from the

regressiort equations.

2. Standard Error of Estimate -- Measure of the degree of association
between series. The larger the value of the standard error of estimate the greater
the scatter about the line of regression and, of course, the poorer the relationship.

The standard error of estimate is defined as

Se =_\/Z(x - w)2/N

where x and w are the same as defined previously and N represents the number of

data points.

3. Significance of the Correlation Coefficient —- When the correlation

coefficient is calculated from a large number of pairs, one can use the standard

error of the correlation coefficient, 7, as a test of significance: :
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Where r > 2o~ there is a 95 percent chance that r is significant
r
(Fisher, 1958);
Where r > 30’r there is only one chance in a hundred that r # 0 could

have happened by chance.

4. Explained Variance -- A measure of the proportion of the variation
in the predicted variable explained by the derived equation. The explained
variance can be stated in terms of the ratio of the predicted variance (o'?)z) to
the observed variance (052) and can be expressed as o percc—z‘nt in the convenient

form

2
100( o= 2 /o= 2y = 2
P 8}

C. EQUATIONS FOR HYDROGRAPH PROPERTIES

In order to develop a procedure to describe the characteristics of the unit hydro-
graph, empirical equations were derived for the following hydrograph properties:
(1) Time of rise (TR); (2) Peak discharge (Q); (3) Time base (TB); and (4) Hydro-

graph widths ot 50 percent (W_ ) and 75 percent (W75) of the peak discharge. These

50
hvydrogrcph properties are illustrated in Figure 5.

Equations were derived for each hydrograph property based on dota from eleven
rural watersheds. These equations are hereafter referred to as rural equations. Similerly, -

equations were also derived from data on 22 urban watersheds and are hereafter referred

to as urban equations.
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FIGURE 5. DEFINITION OF HYDROGRAPH
PROPERTIES.
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1. Time of Rise. Some hydrologists, Ramser (1918), Kirpich (1940), Gray (1961), and
Wu (1963) have used the time of rise, TR’ defined as the time (minutes) required for the
water in the channel at the gaging station to rise from the low to the maximum stage
(Figure 5) os a significant time parameter for rural watersheds. Wu (1963) in his
study of 21 small rural watersheds (2.86 to 100 square miles) indicated that the time of
rise did not vary significantly for different storms and therefore could be used as a hydro-
graph parameter.

{n general, the time of rise of the unit hydrograph for a small watershed can be
considered a function of two primary groups of factors: (1) Hydraulic characteristics of
the watershed, and (2) Storm characteristics, and can be expressed in the following

form:

or

The hydraulic characteristics can be divided into two main groups: (1) Surface proper-
ties, and (2) Geometry of the watershed. Surface properties can be further subdivided
into percentage of impervious cover, channel characteristics, type and extent of culti-
vation, soil moisture and geology. Watershed geometry includes such factors as area,
length, slope and shape. By selection of storms having essentially the same charac-
teristics, the time of rise can be considered a function of only the hydraulic charac-
teristics. Substituting surface properties and geometry of the watershed for hydraulic

characteristics, equation 7 reduces to

TR =ﬁ (Surface properties, geometry) ........... (8)
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or TR=/B(S.P., GW.) it (9
If the surface properties can be considered as constant for rural watersheds then equation
9 reduces to

TR = S (GW.) ittt i e (10)
where Trg is the time of rise of the unit hydrograph for a rural watershed. Gently roll-
ing terrain, pastures and little cultivation characterize the surface properties of the
eleven rural watersheds used in this study; therefore the assumption of constant surface
properties appears reasonable. Similarly, if surface properties of an urban watershed
may also be considered essentially constant, equation 9 reduces to

TRU= 6" (GWo) e (am
where T, is the time of rise of the unit hydrograph for an urban watershed. Subse-
quent analysis indicated that surface properties could not be considered constant.

a. Rural Conditions. Multiple regression equations were derived to express the

functional relationship of the time of rise with various geometric characteristics of the
watershed as suggested by equation 10. This analysis is based on data compiled from
eleven watersheds located in Texas, New Mexico and Oklahoma (Table 3 and Appendix

C). One functional form of regression equation

Too =V LE ST (12)

RR
was found to have a high degree of reliability in estimating the time of rise. The relia-
bility of this relationship could not be significantly improved by the addition of other

basin parameters. The resulting multiple linear regression equation for the functional

relationship expressed by equation 12 is

Ter=2.6510-1250-52 L (13)



where L and S are the same as previously defined. The correlation coefficient is

0.972 which is significant at the one percent level. Approximately 95 percent of the
variance of the time of rise is explained by equation 13. The standard error of estimate
is 18 minutes. Previous investigators (Kirpich, 1940; Chow, 1963) have found it con-

venient for plotting purposes to restrict the functional form of equation 12 to

Ter =M LA )9 o e (14)

The resulting linear regression equation for the eleven rural watersheds expressed by

equation 14 is

Teg = 1-24 A28 L e (15)

with a correlation coefficient of 0.956, significant at the one percent level, and a
standard error of estimate of 23 minutes (Figure 6). Approximately 92 percent of the
variance of the time of rise is explained by equation 15. Both equations 13 and 15
are based on the following range of fairly uniformly distributed data: (1) L (3,250
ft. to 25,300 ft.); (2) S (0.00793 ft/ft to 0.144 ft/ft); and (3) TRR (30 minutes to
150 minutes) .

b. Urban Conditions. Statistical analysis indicated that the time of rise for

urban watersheds could be best expressed as a function of the length, slope and imper-

vious cover. The resulting equation based on 22 urban watersheds is

7. =2.810-22¢0.11 ¢-0.60 (16)

RU

with a correlation coefficient of 0.954, significant at the one percent level, and a

standard error of estimate of 102 minutes. Approximately 91 percent of the variance






















































































































































































































































